. The group of toxins that exhibit toxicity by activating the signal transduction pathway include cholera toxin, pertussis toxin and heat labile toxin produced respectively by Vibrio· cholerae, Bordetella pertussis and E. coli. These toxins cause ADP ribosylation of specific proteins and thus increase adenylate cyclase activity (Foster and Kenney, 1985; Krueger and Barbieri, 1995). Hemolysins form another class of protein toxins which act by forming channels in the membrane and cause ce11 lysis, wel1 characterized examples are a toxin from Staphylococcus aureus and aerolysin from Aeromonas hydrophila (Howard and Buckley, 1982; Bhakdi and Tranum-Jensen,
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RIPs have been grouped into two types-namely monomers e.g. gelonin, · saporin, and pokeweed anti-viral protein (PAP), which lack cell binding domain, and heterodimers like ricin and abrin which have an active A chain that enzymatically attacks ribosomes and a second polypeptide chain B to facilitate the translocation of the catalytic subunit across the cell membrane usually via galactoside recognition (Robertus, 1988) however, the generation of plant recombinant immunotoxins is lagging behind" (Thrush et al., 1996) . Fungal ribotoxins have also been successfully used to generate immunotoxins and chimeric toxins with potent specific activity (Conde et al., 1989; Orlandi eta/., 1988; Rathore and Batra, 1996; Wawrzynczak etal., 1991; Rathore et a/., 1997 , Better eta/., 1992 . In addition to their application as therapeutic molecules the fungal ribotoxins are increasingly being used as excellent tools to study various cellular mechanisms at molecular level. The list includes footprinting protein-RNA
interactions (Huber and Wool. 1986; Huber and Wool; 1988; Darsillo and Huber; 1991 ) , elucidating structure and function of ribosomes (Wool et a/., 1992; Wool, 1984 ) , endocytic pathways of retrograde transport and signal transduction pathway as 28S rRNA acts like a sensor for ribotoxic stress (lordanov et al., 1997) . (Olson, 1963) . The substance was purified from the cultures, chemically characterized and named as a.-sarcin for its anti-sarcoma activity, albeit the antitumor spectrum of the protein was limited to certain sarcomas (Olson and Goerner, 1965) . The pure protein displayed high cytotoxic activity, but no anti-microbial or anti-fungal activity (Olson et al., 1965) . The potent toxicity, therefore, required further investigation of the mechanism of action. The related toxins, restrictocin (Olson, 1963) and mitogillin (Olson and Goerner, 1966) were also reported to be produced by Aspergillus restrictus. Arruda, (1992) isolated Asp fl, a 18 kDa lgE binding protein, produced by another strain of A. fumigatus which was shown to be. similar to mitogillin. Few other toxins with homologous structure and similar function to a.-sarcin family have been isolated and characterized (Figure 1 ), which include gigantin from Aspergillus gigantus (Salvarelli et a/., 1994 ), clavin (Parente et al., 1996 and c-sarcin (Huang et al., 1997) from Aspergillus clavatus. The presence of ribotoxin genes has been identified in some new fungal species which exhibit high degree of sequence similarity in genetic studies, expression and activity assays (Martinez-Ruiz eta/., 1999) .
RIBOTOXINS

Mode of Action
The ribotoxin, a.-sarcin acts as a specific endonuclease by hydrolyzing one single phosphodiester bond on the 3' side of G4325 located within a purine rich segment of 15 nucleotides, present in a stem and loop configuration in 23-28S rRNA and thus inhibits protein synthesis (Schindler and Davies, 1977; Fernandez-Puentez· 
Hyphen represents presence of same amino acid, while, asterisk represents absence of an amino acid. Numbering is · done according to the sequence of a.-sarcin. Amino acids are given according to one letter code.
and Vazquez, 1977; Endo and Wool, 1982; Endo et al., 1983; Fando et al., 1985) .
This ribosomal domain is universally conserved in all living species (Chan et al., 1983) and is termed as the sarcin/ricin loop (SRL) domain since plant RIP ricin also modifies the target in the same region (Endo and Tsurgi, 1987) (Figure 2 ). The irreversible cleavage of the 28S rRNA by a-sarcin results in the release of a 393 bases fragment termed as the a-fragment that leads to complete coiJapse of secondary structure, crucial for the ribosomal function (Endo and Wool, 1982) . This disruption prevents the EF-1 dependent binding of aminoacyl tRNA and GTP dependent binding of EF-2 (EF-Tu and EF-G in prokaryotes) to their respective sites (Schindler and Davies, 1977; Fernandez-Puentes and Vazquez, 1977; Moazed et al., 1988; Brigotti et al., 1989) . Treatment with EDT A or puromycin is shown to sensitize the polysomes towards the toxin (Endo and Wool, 1982; Hobden and Cundliffe, 1978) . The ribosomes of Aspergillus species were found to be equally sensitive to the toxin (Miller and Bodley, 1988) . The host is protected from committing suicide by synthesizing the toxin in an inactive pre-proform which is processed cotranslationally in the endoplasmic reticulum membrane to the proform and packaged into vacuoles for secretion (Endo et al., 1993; 1993a) . The site of further processing into mature
• form is not known. What induces the fungus to produce RIPs is not known. The production of restrictocin in Aspergillu., restrictus was concurrent with differentiation leading to conidia in the fungus, though the mutual relationship between two
phenomenon is yet to be established (Yang and Kenealy, 1992a; Brandhorst and. Kenealy, 1992) . It was speculated that apart from some role in coniadation, restrictocin and related ribotoxins have some protective or invasive function for the fungus in its natural environment (Olson and Goerner, 1966) . Aspergillus fumigatus allergen I (Asp fl), a member of ribotoxin family was found to play an important role in the pathogenesis of A. fumigatus related diseases (Ar:ruda et al., 1990; Lamy et al., 1992) . Later, it was shown by using the mutant strains of Aspergillus fumigatus, lacking Asp fi or restrictocin, that ribotoxins are not important virulence determinants in pulmonary infection (Smith et al., 1993; 1994; Paris et al., 1993) . The protective function of restrictocin might lay in deterring the insect predators feeding on fungus (Brandhost et al., 1996) . Gi G(4326
The figure shows a portion of rat 28S rRNA showing the site of action of ribotoxins. The stretch of 12 bases that is conserved in different organisms is underline.d. a.-Sarcin has been shown to retain the specificity of cleavage on a synthetic 35mer oligoribonucleotide mimicking the sequence and structure of a.-sarcin loop in 28S rRNA (Endo et al., 1988) (Figure 3a) . Specific cleavage by the toxin results in the generation of two fragments of 14 nucleotides and 21 nucleotides respectively (Endo et al., 1988) . Microinjected oligonucleotides, complementary to the a.-sarcin loop of 28S RNA, have been shown to abolish protein synthesis in Xenopus oocytes (Saxena and Ackerman, 1990) . There are conflicting reports about the activity of a.-sarcin on naked rRNA. A non-specific degradation of the substrate, in both single and double stranded regions after every purine residue was reported by Endo et a/., (1983) . The toxin appeared to be a specific RNase for purines and the sensitivity towards the homopo1ynucleotides followed the order A=I>G>>U, though the RNase activity was 10,000 times lower than pancreatic ribonuclease (Endo et al., 1983) .
However, Bodley (1988) observed formation of a a.-fragment from the naked RNA and we have also obtained a similar result in our lab (Nayak and Batra, unpublished data).
A series of experiments conducted by altering the nucleotides in 35mer RNA substrate implied that the bulged nucleotide U in the helical stem is not required for recognition and hydrolysis by a.-sarcin (Endo et al., 1990 ) (Fi6ure 3b). The order of preference of nucleotides for the position G4325 was found to be G>A>U>>C, albeit absolute dependence on preservation of G was not a necessity. Similarly, the variants with mutations in the A4324 were recognized by a.-sarcin with normal efficiency and specificity (Endo et al., 1990) . The helical stem was essential to tether the loop but the number of base pairs in the stem can be reduced to 3 from 7 in the 35mer (Figure 3c ).
The change in position of the GAGA loop with respect to stem abolished the recognition by the toxin (Endo et al., 1990) (Figure 3e-g ). The change in the context, keeping the GAGA loop intact, made the substrate incompetent for the toxin. The non-specific digestion was observed for linear substrate as well as deoxy analogue (Endo et al., 1990) (Figure 3d ). The variants in the stem forming Watson Crick base pairs and non Watson Crick base pairs were also examined and it was deduced that the conformation is the determinant of specificity and a.-sarcin recognizes the context of the tetraloop not simply the GAGA tetraloop (Endo et al., 1990 , Wool et al., 1992 .
The presence of Watson and Crick pair to shut the GAGA loop is not required for
FIGURE 3: Ribotoxin Recognition Element in 28S rRNA
Uc.GC
10-G-C-30
modification of RNA by toxin and the open configuration of the loop is recognized by a-sarcin (Gluck et al., 1994) .
Sarcin/ricin loop domain (SRL) is not a simple stem loop structure. The RNA sequences in the region, incompatible to conventional Watson-Crick base pairing give rise to highly structured modules involved in binding to several proteins. The conformation of SRL was determined by multi-nuclear nuclear magnetic resonance. spectroscopy using E73, a 29mer oligoribonucleotide (Szewczak et al., 1993; Szewczak and Moore, 1995) . The purine rich SRL folds into a hairpin with a distorted A-form helix (Figure 4 ). The prominent feature is the bulged G corresponding to nucleotide 4319 in 28S rRNA which forms a G4319.U4320.A4329 base triplex with the reverse Hoogstein pair of the cross strand A stack. At the top of the hairpin there is a GAGA tetraloop enclosed by Watson and Crick C4322.G4327 base pair shared with the cross strand stack (Szewczak et al., 1993; Szewczak and Moore, 1995) . On the basis of crystal structure, it was established that distortions in the helix arise due to a flexible region at the base of the hairpin, consisting of two pyrimidine.pyrimidine base pairs stabilized by only one direct hydrogen bond and an A4318.A4330 base pair (Correll et al., 1998; 1999) . The flexible region of SRL in eukaryotes and prokaryotes differs in structure and sequences (Macbeth and Wool, 1999, Correll et al., 1999) .
The deletions and substit1.1~ions constructed in the analogue of G4319 in. synthetic 35mer substrate indicated that it was used as an identity element for the substrate recognition by a-sarcin to align itself in a proper orientation (Gluck and Wool, 1996) (Figure 3h-k) . It has also been demonstrated that the toxin cleaves the substrate at a fixed distance and at fixed position relative to G4319 in the stem loop structure (Gluck and Wool, 1996) . The deletions in the flexible region suggested that the non-canonical base pair A4318.A4330 is important for maintaining the conformation of G4319 for the recognition by toxin (Macbeth and Wool, 1999) .
Expression and Purification of Ribotoxins
The complete amino acid sequence of restrictocin was elucidated by LopezOtin et al., (1984) . Restrictocin, mitogillin (Fernandez-Luna et al., 1985) and Asp fl (Arruda et al., 1992) consist of 149 amino acids whereas a-sarcin (Sacco et al., 1983) , gigantin (Wirth et al., 1997) , clavin (Parente et al., 1996) 
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Asp fl by one amino acid residue at position 25 which, is serine in restrictocin and.
asparagine in case of mitogillin and Asp fl. Restrictocin and a-sarcin share, 86%
sequence homology (Sacco et al., 1983) . The sequence alignment of the two toxins showed a difference of total 21 amino acids distributed primarily between residues 1 and 27 at amino terminus, last 16 residues at carboxy terminus and in the middle of the polypeptide chain around the single methionine residue present in restrictocin (Sacco et al., 1983) . Restrictocin contains two disulfide bridges, one between cysteine residues at position 5 and 147 and the other one formed by cysteine residues at position 75 and 131 (Lopez-Otin et al., 1984) . The disulfide bonds and cysteine residues are present at identical positions in alJ the ribotoxins.
Various heterologous expression systems have been used to produce functiona11y active recombinant a-sarcin and related ribotoxins using a variety of signal sequences, promoters and hosts. The gene-encoding restrictocin has been cloned and expressed in Aspergillus nidulans. It was found to contain a single intron.
of 52 base pairs that interrupts the coding sequence immediately after N-terminal amino acid sequence of mature nuclease (Lamy and Davies, 1991). a-Sarcin (Oka et al., 1992; Lacadena et al., 1994; Sylvester et al., 1997; Rathore et al., 1997) , Asp fl et al., 1992) , mitogillin (Better et al., 1992) and clavin (Parente et al., 1996) have been cloned and expressed in E. coli. a-Sarcin has been expressed in E. coli using ompA (Henze et al., 1990; Oka et al., 1992; Sylvester et al., 1997; Rathore et al., 1997) , bla (Oka et al., 1992) , and modified ompA signal sequences for better yields (Lacadena et al., 1994) . Using two-cistron and fusion protein expression systems (Parente et al., 1998) a-sarcin has been produced with yields upto 40 mg!L of culture. Yeast Pischia pastoris (Martinez-Ruiz et al., 1998) 
and the fungus
Aspergillus niger (Wnendt et al., 1993) have also been employed for the production· of a-sarcin using eDNA sequence of prepro-a-sarcin. Restrictocin has been expressed in Aspergillus niger and Aspergillus nidulans (Lamy and _Davies, 1991; · Brandhorst et al., 1994; Brandhorst and Kenealy, 1995) , Saccharomyces cerevisiae (Yang and Kenealy, 1992) and E. coli (Rathore et al., 1996; 1997) . Restrictocin was secreted into bacterial medium using ompA, peiB and L TB signal sequences with varying yields (Rathore et al., 1996) .
Structure of Ribotoxins
The conformation of a.-sarcin was initially studied by circular dichroism and predictive methods based on the homology studies with other fungal ribonucleases and secondary structural features were assigned (Martinez del Pozo et al., 1988) . The first attempt towards resolving the structure of ribotoxins was the.
crystallization of mitogillin but the quality of crystals was not good enough to provide x-ray diffraction data (Martinez and Smith, 1991) . Later, the secondary structure of a.-sarcin was deduced more precisely by assignment of 1 H and 15 N nuclear magnetic resonance spectra to all the non proline residues (Campos-Olivas et al., 1996) . The crystal structure of restrictocin was determined at 2. The ~I strand at the N-terminus is connected to ~7 at the C-terminus by a disulfide bond (Cys5-Cysl47) which imparts stability to the termini (Yang and Moffat, 1996) .
As shown in Figure 5 , the distinguishing feature of the molecule is the presence of smaller than restrictocin by about 40 residues (Wool, 1984 ) . The structural core of the RNase T1 comprises of a 4.5 turn helix and two beta sheets connected by wide loops (Ami et al., 1988; Gohda et al., 1994) . The residues implicated in catalysis include concentrated near the catalytic site of T1 and U2 are conserved in ribotoxins also, suggesting that a similar enzymatic mechanism may be operative for Aspergillus ribotoxins.
a.-Sarcin has been shown to behave as a cyclizing ribonuclease, similar to RNase T 1-like fungal ribonucleases, by using adeny1yl (3 '-5') adenosine (ApA) and guanylyl (3 '-5') adenosine (GpA) dinucleotides as the substrates (Lacadena et al., 1998) . The activity profile against ApA as a function of pH corresponded to a two step mechanism in which Glu 96 acts as a general base and His 137 acts as a general acid, followed by other Tl-like ribonucleases as well (Perez Candillas et al., 1998 Restrictocin mutant H49A was unable to recognize the specific target sequence in 28S rRNA and extensively degraded RNA substrate with altered specificity, showing thereby that H49 may not be involved in enzymatic activity though it is important for the specific recognition of the target (Nayak and Batra, 1 997). It is proposed that Tyr 47 maintained the conformation of the active site and Arg 120, formed a :;alt bridge with a specific phosphate group in the substrate and stabilizes the protein-RNA complex (Nayak et al., unpublished data) . Based on these studies it was suggested that restrictocin and its congeners catalyze the hydrolysis of RNA by a mechanism similar.
to RNase T1 (Lacadena et al., 1999; Kao et al., 1998; Nayak et al., unpublished data) .
The activity of mitogillin decreased 1 00-fold when both the disulfides were reduced, and all cysteine residues were alkylated or oxidized with performic acid, implying that the disulfides were important for catalysis (Fando et al., 1985) . By using recombinant derivatives of mitogillin C5A, C147 A and C5ACI47 A only 2-fold difference in activity among the mutants and mitogillin was observed (Better et .Jl., 1 992). Role of individual cysteine residues and disulfide bonds has been studied in restrictocin by mutating cysteine residues to alanine individualJy, and in different combinations (Nayak et al., 1999) . The study established that any one of the two disulfide bonds is sufficient to maintain the enzymatically active and thermally stable II conformation of restrictocin, though the protease sensitivity is altered if one of the disulfide bonds is removed (Nayak et al., 1999) .
Variant forms of a.-sarcin with an amino acid added or deleted at the Nterminus were equally potent as the native toxin (Parente et al., 1998; Oka et al., 1992) . The pro-form of restrictocin having an amino terminal extension of 28 amino acids encoding leader sequence inhibited translation in cell free assay system and· upon expression in Saccharomyces cerevisiae lead to cell death (Yang and Kenealy, 1992) showing thereby that free N-terminus is not required for the enzymatic activity of the toxin. The importance of the terminal residues of restrictocin was established by deletion mutagenesis. It was shown that intact termini are required for maintaining the conformation of the molecule required for optimal functional activity (Nayak et al., 2000) .
The presence of extra domains, the loop regions inserted between ~-strands, in ribotoxins compared to RNase T 1-like fungal ribonucleases may account for their unique substrate specificity and cytotoxic properties (Yang and Moffat, 1996) . The deletions in these inserted regions, in a close homologue mitogillin revealed that these regions modulate the catalytic activity by substrate selection and ribosomal targeting (Kao and Davies, 1999) . Deletions in the region 106-113 of mitogi11in markedly reduced the ability of toxin to recognize the specific target (Kao and Davies, 1995).
Later, it was shown in mitogillin, that substitutions N7 A and K 111 A lead to altered ribonuclease activity and diminished substrate specificity (Kao and Davies, 2000) .
Membrane Interaction of Ribotoxins a.-Sarcin exhibits intrinsic cytotoxic character although very few cell lines were sensitive towards the toxin. The flow cytometric studies revealed difference in binding of the protein to various cell lines (Turnay et al., 1993) . There is no evidence available to suggest the existence of specific membrane receptor(s) f?r ribotoxins to effect cellular entry. The cytotoxic potential of a.-sarcin has been investigated by facilitating the entry of the toxin across the membrane by altering the permeability of mammalian cells using ionophores nigericin and monensin (Alonso and Carrasco, 1981; Alonso and Carrasco, 1982) , external ATP (Otero and Carrasco, 1986), phospholipase C treatment (Otero and Carrasco, 1988) and cointernalizing the toxin with virion particles during early infection (Frenandez-Puentez and Carrasco, 1980; Introduction and Review of Literature. Carrasco and Esteban, 1982; Otero and Carrasco, 1987) . a.-Sarcin has been shown to interact with model acid phospholipid vesicles causing their fusion and aggregation at neutral pH (Gasset et al., 1989; 1990) . The interaction was saturated at a protein/lipid molar ratio of 1:50 resulting in the formation of a stable a.-sarcin-phospholipid complex, which was independent of the nature of fatty acyl side chain and the acidic group present in the anionic phospholipid (Gasset et al., 1989; 1990) . This interaction involved both electrostatic and ionic components. The toxin was incapable of interacting with neutral phospholipids like phosphatidyl choline (Gasset et al., 1989; 1990) . Binding of a.-sarcin to divalent cations did not affect the secondary structure and membrane interaction properties of the toxin but the ribonucleolytic activity was considerably decreased (Martinez Del Pozo et al., 1989) . a.-Sarcin modified the thermotropic behavior of the phospholipid vesicles by penetrating into the.
hydrophobic core of lipid matrix and was labeled by photoactivable phospholipid probe carrying the reactive group at the fatty acid acyl chain (Gasset et al., 1991) . The destabilizing effects of the toxin were more pronounced at the temperatures above the phase transition temperatures of respective phospholipids. The change in conformation of a.-sarcin upon interaction with acid phospholipid vesicles was analyzed by using circular dichroism and infrared spectroscopy (Gasset et al., 1991 a) .
An increase in the a.-helical content in a.-sarcin and a concomitant increase in the interchain hydrogen bonding was observed in the presence of model phospholipid vesicles (Gasset et al., 1991 a) . The lipid induced conformational changes in the toxin resulted in destabilization of protein structure as indicated by decrease in thermal stability of the membrane bound toxin (Gasset et al., 1995) . Though, membrane bound a.-sarcin was not susceptible to degradation by proteases (Onaderra et al., 1989) , it was able to penetrate into the lumen of asolectin vesicles and was digested· by entrapped trypsin or degraded the encapsulated t-RNA (Onaderra et al., 1993) .
Lipid mixing in the heterogeneous systems composed of synthetic and natural phospholipids was also promoted by a.-sarcin (Mancheno et al., 1994) . Stopped flow kinetic study and fluorescence energy measurements suggested that the initial step in the process of aggregation was the formation of vesicle dimer, and the mixing occured at later stages which involved many protein molecules (Mancheno et al., 1994) . The presence of a.-sarcin oligomers on the vesicle surface has been characterized and the
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event was related to effective translocation of protein across the lipid bilayer of cellular membranes (Onaderra et al., 1998) .
The primary structure of a-sarcin elucidated that only 20% of residues were defining the hydrophobic zone and these residues were not arranged in long enough.
stretches to be involved in the potential hydrophobic interactions with lipid membranes (Martinez Del Pozo et al., 1988) . The alignment and comparison of amino acid sequences of RNase T1 subfamily and a-sarcin indicated that the non-polar environment is provided by folding of the protein and the nucleus of ~-sheet structure gave rise to hydrophobic motifs (Mancheno et aL, 1995) . The hydropathy profile indicated that the residues around positions 1-6, 95-100 and 120-140 are present in a buried atmosphere, however they do not form a significant hydrophobic core (Martinez Del Pozo et al., 1988) . A synthetic peptide comprising residues 116-139 of a-sarcin interacted with lipid bilayers and promoted leakage of vesicular components, indicating the involvement of this domain in hydrophobic interactions with membranes (Mancheno et al., 1995a) . The peptide abolished the phase transition temperature of the phospholipid by integrating into the lipid bilayer. This region has two consecutive hydrophobic ~ strands (Mancheno et al., 1995a) . Alkylated a-sarcin, · containing ~-strands as the only regular secondary structural elements, promoted destabilization of the hydrophobic core of lipid bilayers (Gasset et al., 1995) .
Recently, it was shown that a water soluble peptide corresponding to the region 130-139 amino acids of a-sarcin formed a membrane perturbing structure which adopted ~-strand conformation in the presence of phospholipid membranes (Mancheno et al., 1998) .
A lysine rich ridge in the loop L3, predicted to be participating in substrate recognition (Yang and Moffat, 1996) was recently shown by deletion mutagenesis iri mitogillin not to be contributing to the ribosomal targeting (Kao and Davies, 1999) .
Similar large loops are present in sugar binding domains of lectins and ricin B chain (Rutenber and Robertus, 1991; Banerjee et al., 1994) . It appears that loop domain L3
(residues 53-91) could be acting as an anchor for the membrane translocation of restrictocin (Yang and Moffat, 1996) .
Membrane Interaction and Translocation of Other Toxins
PLANT RIPs
Ricin is a glycoprotein, composed of two subunits, A chain (RT A) et al., 1995) . RTA was shown to associate with phosphatidyl choline/cholesterol containing vesicles reflecting its hydrophobic nature (Uchida et al., 1980 , Utsumi et al., 1984 1987) . RT A was found to be more hydrophobic compared to RTB or intact ricin and differences were observed in their lipid vesicle interaction related properties (Houston LL, 1980 , Ishida et al., 1983 . Intact ricin, RT A and RTB were shown to translocate across the membrane of purifi~d endosomes by an ATP and temperature dependent mect>anism (Beaumelle et al., 1993) . Ricin A chain was found to penetrate into the membrane more deeply compared to RTB and ricin, and the C-termini of RT A was identified inside the lipid bilayer (Ramalingam et al., 1994) . et al., 1997; Ramalingam et al., 1994) .
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Saporin is a single chain non-glycosylated RIP comprising 253 amino acids (Barthelemy et al., I993) . The cytocidal activity of the protein toxin is well established as the toxin component of chimeric toxins (Dinota et al., I990; Siena et al., I988; Falini et al., I992) . Saporin does not possess a cell binding chain like ricin
and it was widely accepted that it enters the cells by passive mechanism such as fluid phase pinocytosis and non specific cell engulfment (Stirpe et al., I992; Wales et al., 1993) . Later, interaction of saporin with a2-macroglobulin receptor was shown to mediate the cellular entry of the toxin in macrophages and few other cell lines (Cavallaro et al., I993; I995) . Saporin has a high content of positively charged residues and H-bond donating and accepting groups (Barthelemy et al., I993 ) . These residues were implicated in the interaction with negatively charged lipid molecules present in the cellular membrane during transportation of the toxin across the membrane. It was also shown that saporin essentially aggregates the acid phospholipid vesicles (Hao et al., I996) . The fusion of model phospholipid vesicles was also induced by saporin and the interaction was saturated at I 00: I lipid/protein molar ratio (Liu et al., I997) . The data obtained using various techniques like resonance energy transfer and fluorescence spectroscopy indicated that both electrostatic and hydrophobic components were involved in saporin-lipid interaction (Hao et al., I997; Liu et al., I997) . Based on these studies it was suggested that the internalization of saporin can take place due to specific interactions between the lipid and protein (Hao et al., I997) .
BACTERIAL TOXINS
Bacterial toxins are secreted as soluble proteins that interact with cellular lipid membrane to express their biological activity. The translocation mechanism of these toxins has been extensively studied. These toxins can be broadly classified into two categories based on the strategies employed by them to insert into the lipid membrane (Cabiaux et al., 1997 et al., 1992; Bennett and Eisenberg, 1994) . After internalization of the toxin by receptor mediated endocytosis (Johnson and Youle, 1991) , the T domain is primarily responsible for the membrane insertion in the endosomes (Silverman et al., 1 994a), though other domains C and R have also been shown to be associated with membranes (Quertenmont et al., 1999; Zhao and London, 1988; Tortorella et al., 1995) . The T domain comprises nine a-helices that are folded into three helices layers. The innermost buried layer consists of two hydrophobic helices TH8, TH9 and a connecting interhelical loop (8 amino acids) giving rise to a hairpin motif (Choe et al., 1992) . The studies on the isolated T domain (61 amino acids 322-382) and holotoxin indicated that the toxin undergoes a pH dependent change in the conformation in endosomes, which exposes hydrophobic sites. Thus, TH8,9 hairpin is exposed and inserted into the membranes with interhelical loop lying on the trans surface of the membranes (Mindell et al., 1994; Kachel et al., 1998; Huynh et al., 1997; D'Silva and Lala, 2000) . The role of remaining helices ofT domain is not very clear. Reports are available indicating the involvement of TH 1, TH5,6, 7 in membrane interaction (Silverman et al., 1994; Malenbaum et al., 1998; Madshus IH, 1994) .
Model lipid vesicles were used to study the process of pore formation by B chain to facilitate the entry of A chain. It has been shown that DT existed in the oligomeric form embedded in the membranes, and pores of different sizes were observed depending upon the degree of oligomerisation (Sharpe and London, 1999; Bell et al., 1997) . The substitution of proline residues present in the T domain helices resulted in considerable loss of translocation ability of the toxin (Johnson and Youle, 1989; Johnson et al., 1993) . The mutations in the acidic residues Glu349 and Asp352, present at the tip of the hairpin TH8,9, inhibited the membrane insertion (O'Keefe et al.. 1992; Silverman et al.. 1994; Kaul et al., 1996) . These acidic residues became protonated at pH 5.0 making the helical hairpin more hydrophobic that represented an insertion dagger in the apolar phase of the membrane (Silverman et al., 1994) .
Introduction and Review of Literature a-Toxin is a hemolysin produced by human pathogen Staphylococcus aureus
which binds to the surface of target cells (Bhakdi and Tranum-Jensen, 1991 ) . The toxin is secreted as a hydrophilic monomer of 293 amino acids lacking cysteines and there are no obvious hydrophobic residues (Gray and Kehoe, 1984) . It was shown that collision of the membrane bound monomers leads to the formation of a tightly associated heptamer forming the membrane pore (Gouaux et al., 1994) . The heptamer was described as a cytolytic species that acted by the permeabilization of bilayer to ions, water and low molecular weight molecules, thereby promoting cell lysis (Bhakdi and Tranum-Jensen, 1991 ) . The centrally located glycine rich region in the toxin.
spanning the amino acid residues 118-140 was shown to be inserted into the lipid bilayer (Valeva et al., 1996) . The molecular architecture of the membrane bound heptamer was revealed by recently published crystal structure (Song et al., 1996) . The heptameric complex was mushroom shaped where the head was formed by association of seven ~ sandwiches. The stem domain formed the transmembrane channel comprising of 14 antiparallel ~-strands, two of which are contributed by each monomer forming a ~ barrel. The structure indicated that a water soluble protein can self assemble to form a transmembrane hydrophobic region and facilitate the translocation (Song et al., 1996) .
IMMUNOTOXINS AND CHIMERIC TOXINS
Immunotoxins are cell type-specific killing agents generated by the conjugation of potent protein toxins to targeting ligands like antibodies.·
Immunotoxins bind specifically to the cell surface target and subsequent to internalization, the toxin is translocated to the intracellular target to manifest its cytotoxic activity via a route that varies for different toxins (Thrush et al., 1996; Pastan et al., 1992 and Draper, 1985; Kondo et al., 1988; Batra et al., 1989; Neville et al., 1989) . A
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to explore novel toxins with desirable properties that could be readily used as components of chimeric toxins with any potential targeting ligand.
Ribotoxin-Based Chimeric Toxins and Immunotoxins
Restrictocin has been successfully employed to make active immunotoxins and chimeric toxins. Coupling of restrictocin to antibodies which recognize cancer cell surface antigens has been described, and specific toxicity was observed (Conde et al., 1989; Orlandi et al., 1988; Rathore and Batra, 1996) . Restrictocin, purified from culture, was first conjugated to anti-human breast carcinoma MAB (Orlandi et al., 1988) . Restrictocin, overexpressed in E. Coli, was chemically coupled to an antibody raised against the human transferrin receptor, using a cleavable and stable linkage to make immunoconjugates. The conjugates thus generated were active on human cancer cell lines, the cleavable conjugate was more active than its non-cleavable counterpart (Rathore and Batra, 1996) . Immunotoxins made from the other members of the family like a-sarcin have shown cytotoxic potency similar to ricin conjugates (Wawrzynczak et al., 1991; Rathore et al., 1996) . Recombinant mitogillin has also been used to make immunoconjugates which were active on target cell line (Better et al., 1992) .
The first generation of restrictocin-based chimeric toxins, directed at human epidermal growth factor and human transferrin receptor, were developed in our Jab by directly fusing the genes coding for TGFa or single chain antigen combining region Although, both N-and C-terminal fusions had similar in vitro ribonucleolytic · activity, cell surface binding activity, and intracellular routing, their cytotoxic activities were remarkably different (Rathore and Batra, 1997a) . Chimeric toxins, containing ligand at the carboxyl end of the restrictocin, were found to be more potent than those that had ligand at the amino terminus of the toxin (Rathore and Batra, 1997; Rathore and Batra, 1997 a). It was thus shown that the preferred site of direct ligand attachment on restrictocin was its carboxy terminus, which may become a limitation for employing restrictocin universally with any potential ligand for the construction of chimeric toxins (Rathore and Batra, 1997; Rathore and Batra, 1997a).
Using protease inhibitors it was shown that upon internalization restrictocin-based chimeric toxins are proteolytically cleaved (Rathore and Batra, 1997a) . The difference in the cytotoxic activities of N-and C-terminal fusion proteins was, therefore, proposed to be due to a difference in their intracellular proteolytic processing (Rathore and Batra, 1997a).
The current study was undertaken to further rationally engineer restrictocinbased chimeric toxins based on the mechanism of action of the first generation chimeric toxins. To engineer the restrictocin molecule further, to utilize its potent activity to the maximum extent in the construction of chimeric toxins, it is important to understand its properties related to the membrane interaction and its mechanism of intracellular translocation. Keeping this in view, the following objectives were outlined for this thesis:
I. To improve the activity of chimeric toxins containing restrictocin.
2. To identify region(s) and critical residue(s) of restrictocin involved in membrane interaction and translocation.
